Despite decades of research, it remains to be established whether the transformation of a liquid into a glass is fundamentally thermodynamic or dynamic in origin. While observations of growing length scales [1, 2] are consistent with thermodynamic perspectives like the Random First-Order Transition theory (RFOT) [3, 4] , the purely dynamic approach of the Dynamical Facilitation (DF) theory [5, 6] lacks experimental validation [7, 8] . Further, for glass transitions induced by randomly freezing a subset of particles in the liquid phase, simulations [9] support the predictions of RFOT [10] , whereas the DF theory remains unexplored.
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Here, using video microscopy and holographic optical tweezers, we show that dynamical facilitation in a colloidal glass-forming liquid unambiguously grows with density as well as the fraction of pinned particles. In addition, we show that heterogeneous dynamics in the form of string-like cooperative motion, which is believed to be consistent with RFOT [11] , emerges naturally within the framework of facilitation [12] . Most importantly, our findings demonstrate that a purely dynamic origin of the glass transition cannot be ruled out.
In spite of significant theoretical [7] and experimental [13, 14] advances since the pioneering work of Adam and Gibbs [15] , it is as yet unclear whether the glass transition is thermodynamic or dynamic in nature. This is predominantly because supercooled liquids fall out of equilibrium well before the putative phase transition, be it dynamic or thermodynamic, is reached. This limitation has spurred the search for alternate ways of approaching the glass transition [5, 10, 16] , of which random pinning has attracted widespread interest in the last two years. Random pinning has mainly been studied within the framework of RFOT, which predicts an ideal glass transition at a finite fraction of pinned particles, for temperatures above the Kauzmann temperature of the unconstrained liquid [10] . By comparison, the contrasting perspective of dynamical facilitation has received far less attention. Recently, it was shown that kinetically constrained spin models, which form the conceptual basis of the DF theory, do not exhibit a thermodynamic phase transition with random pinning [17] . Nonetheless, a systematic analysis of facilitation in the context of real glass-formers is yet to be undertaken, and is imperative to gain a deeper understanding of the random pinning glass transition.
Since the DF theory has not been validated in experiments even in the absence of pinning [7, 8] , we first investigated dynamical facilitation for the unpinned case, in a binary colloidal glass-forming liquid composed of silica particles (see Materials and Methods). According to the DF theory, structural relaxation is dictated by the concerted motion of localized mobile defects, termed excitations, and the slowdown of dynamics is attributed to a reduction in the concentration of these excitations. To identify and characterize excitations, we employed the protocol developed in [12] . A particle was said to be associated with an excitation of size a and 'instanton' time ∆t, if it underwent a displacement of magnitude a over a time interval ∆t, and persisted in its initial and final positions for at least ∆t. In practice, excitations were identified by defining for the coarse-grained trajectoryr i (t) of every particle i, the functional
Here, θ(x) is the Heaviside step function and t a , known as the commitment time, is typically chosen to be ∼ 3-4 times the mean value of ∆t for an excitation of size a (See Supplementary
Text. Also see Inset to Fig. 1A) . To obtain sufficient statistics, we restricted our analysis to a = 0.5σ S . We observe that the distributions of instanton times P a (∆t) for different area fractions φ nearly collapse onto the same curve and the mean instanton time ∆t remains almost constant (Fig. 1A) . Also, at large φ, ∆t is much smaller than the structural relaxation time τ α ( Supplementary Fig. S1 ), which clearly shows that excitations are localized in time, in accordance with [12] .
To measure the spatial extent of excitations, we first computed the function
For t = −t a /2 and t ′ = t a /2, µ(r, t, t ′ ; a) yields the displacement density at a distance r from an excitation of size a located at the origin at time t = 0, over a time interval t a centred on 0. From µ(r, t, t ′ ; a), the spatial extent of excitations was then extracted by defining the function
where g(r) is the radial pair-correlation function and µ ∞ (t a ) = |r i (t + t a ) −r i (t)| . F (r; a) decays within 8 particle diameters irrespective of φ (Fig. 1B) , confirming that excitations are spatially localized objects that do not grow on approaching the glass transition [12] .
A visual indicator of the concentration of excitations c a is the particles' displacement field computed over ∆t = 12s ( Fig. 1C-E) . The decreasing fraction of particles with displacements greater than a (maroon spheres) observed in Figure 1C -E strongly indicates a lowering in c a with increasing φ. More quantitatively, the concentration of excitations, formally defined as
where V is the volume and N is the total number of particles, indeed decreases with φ, in accordance with the DF theory (Fig. 1F ).
The second major ingredient of the DF theory is facilitation, which assumes that new excitations primarily occur in the vicinity of existing excitations. To quantify the degree of facilitation in our system, we computed the facilitation volume
We observe that for all φs considered, v F (t) initially increases with time, reaches a maximum value v max F at time t max and then decreases at longer times (Fig. 1G) . Moreover, both t max and v max F increase with φ ( Fig. 1G) , in complete agreement with recent simulations of atomistic glass-formers as well as spin models [12, 18] . These results from colloid experiments provide unequivocal evidence for growing dynamical facilitation on approaching the glass transition, thereby validating the DF theory (See Supplementary Video S1 for a visualization of facilitated dynamics).
Consistent with RFOT and the Adam-Gibbs theory, a considerable body of evidence supporting the existence of growing dynamic length scales on approaching the glass transition [1, 2, [19] [20] [21] has accumulated over the last two decades. It is natural to wonder if these growing dynamic correlations are influenced by dynamical facilitation. To investigate this possibility, we explored the connection between localized excitations and string-like cooperative motion of mobile particles [19, 22] . We constructed strings from the top 10% most mobile particles using the procedure described in [19] . Figure 2A shows a representative string composed of 13 particles for φ = 0.79, for which ∆τ = t * = 66s, where t * corresponds to the maximum of the non-Gaussian parameter α 2 (t) [1] . From their trajectories over t * , the particles constituting the string can be divided into three independent groups, termed 'microstrings' [23] , such that motion within each microstring is coherent (Fig. 2B-D) . We observe that in one of the microstrings (Fig. 2D) , each particle i is associated with an excitation for some time ∆t i < t * (Fig. 2E) , which strongly suggests that over t * , the motion in the other microstrings is facilitated by these excitations. Moreover, the maximum string length n max s increases with the mean separation between excitations ( Supplementary Fig.   S2 ). Collectively, these findings show that string-like cooperative motion at longer times emerges in a hierarchical manner, from the short-time dynamics of excitations [12] .
In the presence of random pinning, numerical evidence based on static quantities supports the RFOT scenario [9] , whereas that based on dynamic ones does not [24] . However, the rapid growth of relaxation times with increasing fraction of pinned particles is undisputed [9, 10, 24] . It is therefore natural to ask whether dynamical facilitation accounts for the observed slowdown of dynamics. Indeed, since the DF theory is a parallel approach to RFOT, a systematic investigation of facilitation in the context of random pinning is highly desirable [10] and is likely to enrich our understanding of the glass transition. We therefore explored the impact of dynamical facilitation on structural relaxation in the presence of random pinning. Towards this end, we imaged a binary mixture of polystyrene particles at a fixed φ ≈ 0.71, which corresponds to the mildly supercooled regime, and used holographic optical tweezers to pin a subset of particles in the field of view (Fig. 3A . Also see Materials and Methods and Supplementary Video S2). The fraction of pinned particles f p was varied from 0.03 to 0.12. Although these values of f p are too small to induce a glass transition at this φ, they do have a significant impact on the dynamics of the remaining free particles.
We see that the structural relaxation time τ α ( Supplementary Fig. S3 ), increases by a factor of 4 relative to its value in the unpinned case (Fig. 3B ). This slowing down of dynamics is consistent with recent simulations [9, 24] . To verify whether this slowdown is a consequence of growing facilitation, we repeated the analysis shown in Figure 1 for the pinned case. We observe that the concentration of excitations c a decreases by more than a factor of 3 with f p (Fig. 3B) , whereas the facilitation volume v F (t) shows a concomitant increase (Fig. 3C ), in close analogy to their behavior with increasing φ (Fig. 1F-G) . While the assumptions of the DF theory are expected to be valid close to the glass transition [7] , our results show that even in the mildly supercooled regime, c a as well as v F (t) are strongly correlated with the structural relaxation time. In striking resemblance to the unpinned case, our findings place the dynamical facilitation theory on a firm experimental footing even in the context of the random pinning glass transition.
Next, we examined the interplay between facilitation and string-like cooperative motion in the presence of random pinning. We observe that the behavior of string-like cooperative motion as a function of f p is remarkably similar to its variation with φ. In particular, the distribution of string lengths P (n) is nearly exponential (Fig. 3D) , and the average string length n s = Σn 2 P (n)/ΣnP (n) exhibits a maximum as a function of time (Fig. 3E . See Supplementary Fig. S2 for corresponding results in the unpinned case). Further, the time at which n s reaches a maximum, ∆τ max , increase systematically with f p (Fig. 3E) . The maximal string length n max s at large f p is greater than its value for the unconstrained liquid (Fig. 3E) . However, for the φ and the range of f p considered here, it is not possible to conclude definitively, whether the string length grows on approaching the random pinning glass transition. Experiments and simulations at higher values of φ and f p are necessary in order to clarify this scenario.
Our experiments have revealed the increasing importance of dynamical facilitation on approaching the random pinning glass transition. The obvious consequence of our findings is that one cannot a priori rule out the existence of a purely dynamic 'space-time' phase transition from an active liquid to an inactive glassy state [5] , even in the context of random pinning. Moreover, even if a thermodynamic phase transition as a function of f p exists, it is possible for dynamical facilitation to be the dominant mechanism of structural relaxation. In this context, it would be especially interesting to explore the connection between facilitation and growing static point-to-set correlations [25] . It is tempting to speculate that dynamical facilitation may also play a role in the generic decoupling of static and dynamic length scales [21, 26] . Further, since c a is known to be an order parameter for space-time phase transitions [27] , the decrease in c a with f p implies that changing f p influences the system's proximity to a dynamic phase transition. Whether or not this dynamic phase transition coincides with the thermodynamic one predicted by RFOT could well be a test for validating both the RFOT and the DF scenarios. We expect a confluence of experimental, theoretical and numerical research aimed at exploring these questions to emerge in the wake of our findings.
MATERIALS AND METHODS
For experiments without pinning, the system comprised of N L large and N S small silica Fig. S4 ). For both experiments, the samples were imaged using a Leica DMI 6000B optical microscope with a 100X objective (Plan apochromat, NA 1.4, oil immersion) and images were captured at 5 fps for 1-3 hrs. The 66 µm x 49 µm field of view typically contained > 4000 particles for the silica sample and ∼ 1200 particles for the polystyrene sample. Standard algorithms were used for particle tracking [29] and quantities of interest were extracted using codes developed in-house. 
